Electrical stimulation of ventral division of medial geniculate body (MGBv) neurons 29 evokes a shift of the frequency-tuning curves of auditory cortical (AC) neurons towards the 30 best frequency (BF) of the stimulated MGBv neurons (frequency-specific plasticity). The 31 shift of BF is induced by inhibition of responses at the BF of the recorded AC neuron, with 32 coincident facilitation of responses at the BF of the stimulated MGBv neuron. However, the 33 synaptic mechanisms are not yet understood. We hypothesize that activation of 34 thalamocortical synaptic transmission and receptor function may contribute to MGBv 35 stimulation-induced frequency-specific auditory plasticity and the shift of BF. To test this 36 hypothesis, we measured changes in the excitatory postsynaptic currents in pyramidal 37 neurons of the layer III/IV in the auditory cortex following high-frequency stimulation (HFS) 38 of the MGBv using whole-cell recordings in an auditory thalamocortical slice. Our data 39 showed that in response to the HFS of the MGBv, the excitatory postsynaptic currents of 40 AC neurons showed long-term bidirectional synaptic plasticity, long-term potentiation and 41 depression. Pharmacological studies indicated that the long-term synaptic plasticity was 42 induced through the activation of different sets of N-methyl-D-aspartate-type glutamatergic 43 receptors, gamma aminobutyric acid-type receptors, and type 5 metabotropic glutamate 44
4 that HFS of the MGBv produced both LTP and LTD as well as the shift of BF in AC neurons. 87
The evoked potentiation and depression depended on the frequency of the electrical 88 stimulation of the MGBv correlated with the BF of MGBv and AC neurons, respectively. 89
However, the underlying synaptic mechanisms are still not known. 90
To this purpose, we made whole-cell patch clamping recordings of the synaptic 91 plasticity in AC pyramidal neurons of layer III/IV after HFS of MGBv neurons in a TC slice 92 preparation. Our results indicate that HFS of thalamic neurons induces different forms of 93 long-term synaptic plasticity (rapid and slow LTP/LTD), which involve activation of different 94 sets of glutamatergic, GABAergic or endocannabinoid receptors. Inhibition of these 95 receptors prevented the induction of TC plasticity as well as the shift of BF in AC neurons 96 implying the essential role of receptor activity in mediating TC frequency-specific plasticity 97 in the rat auditory cortex. Committee. Acute primary TC slices containing the auditory cortex and portions of the 106 MGBv in the thalamus were prepared as described in Cruikshank et al. (2002) . After 107 halothane anesthesia, each animal was decapitated, and the brain was removed quickly. 108
The brain was subsequently submerged in cold artificial cerebral spinal fluid (ACSF) 109 containing (in mM) 125.0 NaCl, 2.5 KCl, 25.0 NaHCO3, 1.25 KH2PO4, 1.2 MgSO4, 2.0 110 CaCl2 and 10.0 dextrose, bubbled with 95% O2-5% CO2, with a pH of 7.4. The brain was 111 blocked, and an oscillating tissue slicer (Leica, VT1000, Wetzlar, Germany) was used to 112 cut 500 µm-thick sections. Sections were obtained from the left hemisphere by using a 113 slicing angle of 15°. Slices were initially incubated for a minimum of 90 min at room 114 temperature (22-24 o C) in ACSF and were then transferred to and submerged in a 115 recording chamber where they were perfused continuously with oxygenated ACSF at 116 room temperature. 117 118
Electrophysiological recording and stimulation 119
Whole-cell patch-clamping recordings were obtained from cell bodies of layer III/IV 120 thalamorecipient neurons in the rat auditory cortex. Pyramidal neurons are the principal 121 thalamorecipient neurons in the thalamorecipient layers in the auditory cortex of many 122 mammalian species (Richardson et al. 2009; Smith and Populin 2001) . The cell bodies of 123 these neurons were found using an upright microscope equipped with Leica differential 124 interference contrast optics, a 40× water immersion objective, and an infrared video 125 imaging camera. Data acquisition was conducted with Axonpatch 200B (Axon Instruments 126
Inc., Union City, USA) or EPC10 amplifiers (HEKA Elektronik, Lambrecht/Pfalz, Germany). 127
The signal was stored for off-line analysis with Clampex 9.0 software (Molecular Devices, 128 CA) or Pulse/Pulse fit v.8.74 (HEKA Elektronik) and Igor Pro v.4.03 (WaveMatrics) . 129
Pipettes (4-8 MΩ) for whole cell recording were pulled on a horizontal micropipette puller 130 (P-97, Sutter Instrument) from filamented capillary glass and were filled with a pipette 131 solution containing (in mM) 125 CsMeSO3, 2 CsCl, 10 HEPES, 0.1 EGTA, 4 MgATP, 0.3 132 NaGTP, 10 phosphocreatine，5 mM adjusted with CsOH, [290] [291] [292] [293] [294] [295] . Membrane voltages were corrected for an estimated liquid junction potential of 10 134 mV. Cells requiring firing property characterization were recorded using a pipette solution 135 containing (in mM) 130 potassium gluconate, 5 KCl, 2 MgCl2, 4 MgATP, 0.3 GTP, 10 136 phosphocreatine, and 10 HEPES (pH 7.3 with KOH). Neurons were given at least 5 min 137 after the gigaohm seal formation and patch rupture to stabilize before data collection. 138
Series resistance was compensated by 80% and was continually monitored throughout 139 the experiment. Cells were discarded if the series resistance changed by more than 15%. 140
We monitored the peak amplitude of a brief hyperpolarizing test pulse (10 ms, -5 mV) 141
given after thalamic stimulation to ensure consistent series resistance during the entire 142 experiment, and only recordings that remained stable over the period of data collection 143 were used. 144 6 receptor blocker bicuculline in some of the experiments. A Grass S88 stimulator 147 (Astro-Medical, Inc., West Warwick, RI) and a constant current stimulus isolation unit 148 (Grass Instruments Co, USA) were used to evoke EPSCs by stimulating the MGBv. A 149 bipolar stimulating electrode was used to deliver monophasic stimulus pulses (0.2 ms, at 150 0.05 Hz), and the stimulation intensity was adjusted to evoke EPSCs that were 30% of 151 maximal evoked amplitudes. In control experiments, "baseline" EPSCs were recorded for 152 10 min at the test stimulation intensity. The long-term plasticity was induced by switching 153 the amplifier to current-clamp mode and delivering four 1-sec 100 Hz trains at 20 sec 154 inter-train intervals. Below are the criteria that we used to obtain the percentage of 155 neurons for different types of plasticity: 1. If the increase in EPSC amplitude to its 156 maximum value is shorter than 5 mins and then stabilizes or continues to increase 35 min 157 post HFS, it is considered a long-lasting LTP. 2. If the increase in EPSC amplitude to its 158 maximum value is longer than 5 mins and then starts to return toward baseline within 35 159 mins post HFS, it is considered a short-lasting LTP. 3. Similarly, we consider LTD that 160 induces a quick decline to minimum EPSC amplitude within 5 mins and then quickly return 161 towards the baseline as a fast LTD. 4. We consider LTD that induces a gradual decrease 162 in EPSC amplitude within 30 mins, which then stabilizes, as a slow LTD. When further 163 pharmacological experiments were needed, neurons were always allowed to recover to 164 95% of their baseline level before exposure to pharmacological reagents. It usually took 165 about 10 mins to see a 95% recovery while cells were still in good condition. 166
GABAergic miniature IPSCs (mIPSCs) were recorded in the presence of ionotropic 167 glutamate receptor blockers, including CNQX (20 μM) and APV (50 μM) in the superfusing 168 ACSF. One micromolar Tetrodotoxin (TTX) applied to the bath solution completely blocked 169 voltage-dependent Na + channels within 5 min. Neurons were voltage-clamped at +10 mV 170 for mIPSCs recording. 171 172
Recording of receptive field in auditory Cortex 173
The protocols of acoustic stimulus and electrical stimulation in the MGBv and AC 174 have been provided in previous publications (Zhu et al. 2013) . Briefly, the acoustic stimuli 7 A multi-barrel glass electrode with a carbon fiber in the central barrel was advanced to the 177 right auditory cortex. Four surrounding barrels were connected to the Neuro Phore 178 System (6400 Advanced, Dagan, Inc., USA) for microiontophoretic injection of different 179 receptors antagonists. Signals from the electrode were fed to a RA16PA multi-channel 180 preamplifier (Tucker-Davis Tech., FL, USA) and filtered with a band-pass of 0.3-10 kHz. 181
Single units were isolated and analyzed using BrainWare software (Tucker-Davis Tech., 182 FL, USA). The excitatory responses of AC neurons to acoustic stimuli were first measured 183 using the computer-controlled frequency/ amplitude-scan. The receptive fields (areas in 184 which acoustic stimulation leads to a response in an AC or MGBv neuron), 185 frequency-threshold curves, and BF were subsequently derived from the collected data. biocytin-filled cells were first transferred to 4% paraformaldehyde for 48 h and were then 205 cryoprotected. The sections were incubated in avidinbiotin-HRP complex (ABC kit, Vector 206 Labs) at 37℃ for 3 h. They were then rinsed in a phosphate buffer and incubated with 207 nickel/cobalt-intensified diaminobenzidine (DAB). The sections were then mounted and 208 coverslipped. Neurons were visualized with a fluorescence microscope (Olympus, Tokyo, 209 Japan). 210 211
Drugs 212
All reagents were obtained from (Sigma-Aldrich, USA), with the exception of QX-314 213 (Ellisville, MO). Bicuculline and CNQX were dissolved in dimethyl sulfoxide. Other drugs 214 were dissolved in ACSF. All drugs were prepared as concentrated stock solutions and 215 were added immediately either to the recording ACSF or to the internal solution at working 216 concentrations (1:1,000 dilution) and then frozen at -20℃ until use. 
HFS of the MGBV induced bidirectional plasticity in the rat auditory cortex 226
In order to determine the changes in synaptic plasticity in response to thalamic 227 stimulation, we made whole-cell patch-clamping recordings of EPSCs from 228 thalamorecipient layer III/IV pyramidal neurons in a slice that contained auditory TC 229 pathways. We first performed tract-tracing studies using the lipophilic dye Di-I to ensure 230 that the TC pathway in the slice was complete. Figure 1A shows the results for a slice in 231 which Di-I was placed in the MGBv. The dye followed a pathway from the MGBv toward 232 projections along the medial edge of the lateral geniculate (LG), after which it curved 233 posterior-laterally around the hippocampus and moved toward the auditory cortex. On 234 reaching the auditory cortical border, the fibers ascended to layers III-IV where they 235 formed a dense terminal plexus ( Fig. 1B) . We identified pyramidal AC neurons by their 9 pyramidal-shaped cell bodies and long apical dendrites extending toward the pial surface 237 ( Fig. 1C ), as described in previous reports (Rose and Metherate 2005) . A subset of these 238 cells was injected with biocytin for further morphological identification. All labeled cells had 239 the morphological features of pyramidal neurons: a pyramidal soma and a prominent 240 apical dendrite ( Fig. 1D ). Pyramidal cells are clearly identified by their relative broad spike 241 width, slow spike after hyperpolarization (AHP), low steady-state firing rate, and spike 242 adaptation ( Fig. 1E -F, Table 1 ). After the characterization of the intrinsic properties of the 243 neurons, EPSCs were evoked by thalamic stimulation. Neurons were examined for each 244 current level in steps of 50 µA. Figure 1G shows examples that were classified as 245 presumed EPSCs of pyramidal cells. TC stimulation can reliably evoke EPSCs in layer 246 III/IV pyramidal neurons ( Fig. 1G -H, Table 2 ). 247
After we identified pyramidal neurons, we conducted experiments to characterize the 248 long-term synaptic plasticity of TC synapses that connect with RS neurons in the AC. HFS 249 (four trains of 100 Hz for 1 s with an interval of 20 s) was applied to the layer when the 250 amplitude of the EPSC was stable for more than 10 min. The amplitude of an individual 251 EPSC was normalized to the averaged amplitude of the EPSCs that had occurred during 252 the 10-min baseline recording. Our data showed that HFS of the MGBv reliably induced 253 five types of long-term plasticity at 218 of 249 (87.6%) of the thalamic inputs. Specifically, 254 21 TC inputs (8.4%) showed long-lasting LTP, 101 inputs (40.6%) showed short-lasting 255 LTP, 24 inputs (9.6%) showed rapid LTD, 72 inputs (28.9%) showed slow LTD, and 31 256 inputs (12.5%) showed no change after stimulation (Fig. 2) . Figure 2A shows the average 257 time course of the EPSC amplitude changes induced by 21 long-lasting potentiation inputs. 258 HFS initially elicited significant increase in the amplitude of EPSCs, which then plateaued. 259
The normalized mean maximum EPSC amplitude increased to 210.4±19.8% of the 260 baseline (n=21). Representative traces at the bottom panel of Figure 2A are averaged 261
EPSCs from 5 consecutive responses taken before (1), immediately after (2), and 30 min 262 after (3) LTP induction. Figure 2B shows the time course of EPSC amplitude changes 263 averaged from 101 short-lasting potentiation inputs. Potentiation of the EPSC amplitudes 264 increased during the first 10 min following HFS and then returned gradually to the baseline. 265
The mean maximum EPSC amplitude increased to 156.2±24.5% of the baseline (n=101). 266
Representative traces on the top panel of Figure 2B are averaged EPSCs from 5 267 consecutive responses taken before (1), immediately after (2), 10 min after (3) and 30 min 268 after (4) LTP induction. Figure 2C shows the time course of EPSC amplitude changes 269 averaged from 24 rapid depression inputs. HFS initially induced a significant decrease in 270 EPSC amplitude and then stabilized. The mean minimum amplitude of the post-HFS 271
EPSCs decreased to 69.1±6.6% of the baseline (n=24). Figure 2D The EPSC amplitudes for the inputs that did not show plasticity were stable throughout the 277 testing period, and the mean post-HFS response amplitude was 99.0±2.5% of the control 278 (n=31; Fig. 2E ). 279 280
Pharmacological characteristics of synaptic plasticity elicited by HFS of the MGBv 281
We characterized these different forms of synaptic plasticity in the presence of 282 different pharmacological agents. We first examined the involvement of 283 N-methyl-D-aspartate (NMDA) receptors in thalamic HFS-induced long-lasting LTP. We 284 recorded HFS of MGBv-induced LTP prior to (as a control) and after application of D-APV 285 (50 µM), a selective antagonist of the NMDA receptor. The mean maximum EPSC 286 amplitude after the HFS was 128.7±13.6% of the baseline, and the mean EPSC amplitude 287 30 min after the HFS was 101.7±7.23% of baseline (n=7; Fig. 3A ). The long-lasting LTP 288 was significantly suppressed in the presence of APV (P<0.05, n=7; Figure. applied to the ACSF. Interestingly, bicuculline enhanced the magnitude of the short-lasting 294 284.9±22.1% of the baseline. The mean EPSC amplitude 30 min after the stimulation was 297 191.0±27.6% of the baseline (n=7; Fig. 3C ). The magnitude of the LTP obtained in the 298 presence of bicuculline was significantly larger than that of the control (P<0.05, n=7 for 299 bicuculline, n=20 for the control; Fig. 3D ). Similarly, bath application of D-APV (50 µM) 300 also prevented the induction of short-lasting LTP (P<0.05, n=6 for APV, n=20 for control; 301 Fig. 3D ). These results suggested that the induction of short-lasting LTP depends on the 302 activation of both NMDARs and GABAARs. We then examined whether the activation of 303 NMDA receptors is also necessary for the induction of rapid LTD. Our results showed that 304 APV did not block induction of rapid LTD. The mean amplitude of EPSCs 30 min after HFS 305 was 86.3±8.7% of the baseline with APV and 82.7±6.7% of the baseline without APV (n=5; 306 We explored the role of endocannabinoid type I receptors (eCB1Rs) in rapid LTD by 315 examining the effects of the eCB1R antagonist AM251 because previous studies have 316 indicated that endocannabinoids (eCBs), the endogenous ligands for cannabinoid 317 receptors, play a role in mGluR5-dependent LTD (Freund et al. 2003) . We found that 318 AM251 at 10 µM also blocked rapid LTD. The mean amplitude of EPSCs 30 min after HFS 319 was 93.3±8.7% of the baseline with AM251 and 79.5±11.5% of the baseline without 320 AM251 (n=4; P < 0.05; Fig. 4C ). The histogram of minimum amplitudes of EPSC in figure  321 4D indicates that rapid LTD may be mGluR5-(P<0.05, n=5) and eCB1R-(P<0.05, n=4) 322 dependent. Finally, we examined the possible roles of glutamatergic and GABAergic 323 receptors in slow LTD. The mean minimum amplitude of EPSCs 30 min after HFS was 324 12 the presence of 50 μM APV. However, the selective mGluR antagonist, MPEP (10 μM) 327 had no significant effect on slow LTD (P=0.72, n=6; Fig. 5D ). The mean minimum 328 amplitude of the EPSCs 30 min after HFS was 59.7± 8.3% of baseline with MPEP and 329 58.5.5 ± 7.1% of the baseline without MPEP (n=6; Figure. 5B ). Finally, we investigated the 330 effects of bicuculline, an antagonist of GABAA receptors, on slow LTD. Our results show 331 that the slow LTD was almost completely suppressed by 5 μM of bicuculline (n=6; Fig. 5C ), 332 which suggests the involvement of GABAA receptors in slow LTD. 333
These experiments as a whole indicate that long-lasting LTP involves activation of 334 NMDA receptors and short-lasting LTP involves activation of both NMDA and GABAA 335 receptors. Rapid LTD involves activation of both mGluR5 and eCB1Rs, and slow LTD 336 involves activation of both NMDA and GABAA receptors. A summary showing the 4 types 337 of plasticity and their pharmacological profiles is shown in Table 3 . 338 339
Inhibition of glutamate and GABAA receptors prevents MGBv activation-induced BF 340 shift in AC neurons 341
We next asked whether these forms of TC synaptic plasticity and their responsible 342 receptors could contribute to MGBV stimulation-induced shift of BF in the auditory cortex, 343
as demonstrated by our recent in vivo studies using anesthetized rats (Zhu et al. 2013) . To 344 answer this question, we examined the changes in the frequency-tuning curve of AC 345 neurons before and after blockade of glutamate and GABAA receptors (see Materials and 346 Methods). In figure 6A , a cortical neuron was tuned to 23.0 kHz. When the thalamic 347 neuron was electrically stimulated, the frequency-tuning curve of the cortical neuron 348 sharply tuned to 21.0 kHz. The shifted BF returned to the control BF about 90 min after the 349 stimulation. Application of APV to AC neurons before the stimulation reduced the auditory 350 responses and abolished the BF shift after HFS of the MGBv (Fig. 6B) . Specifically, in 7 351 cortical neurons examined, the BF shift in APV-treated neurons was 0.43 ± 0.29 kHz 352 which was significantly smaller (60% less) compared to that without APV (P<0.05, n=7; 353 neither the role nor the precise synaptic (pre-compared to postsynaptic) mechanism of 374 GABA-mediated plasticity is well known. We therefore next investigated whether 375 presynaptic transmitter release and/or postsynaptic receptor responsiveness was 376 enhanced at GABAergic synapses of AC neurons after thalamic HFS. Miniature IPSCs 377 (mIPSCs) in pyramidal cortical neurons were therefore recorded in the presence of 378 tetrodotoxin (TTX). A stable baseline of mIPSCs was first recorded for 5 min as a control, 379 followed by a wash-out period of TTX for 15 min. HFS was then applied to the MGBv and 380 TTX was subsequently washed in (Fig. 7A) . To record mIPSCs, pyramidal cells were 381 voltage-clamped at +10 mV, and ionotropic glutamate receptor-induced spontaneous 382
EPSCs were blocked with CNQX (10 µM) and APV (50 µM) in ACSF. Under these 383 experimental conditions, mIPSCs were recorded as outward currents (Fig. 7B) . These 384 events were blocked by 10 µM of bicuculline (data not shown), which indicates that they was significantly increased in thalamorecipient pyramidal neurons of the auditory cortex 387 (from 40.33±4.49 to 89.65±6.53 events in 1 min; n = 6; p < 0.05; Fig. 7B,C,D) . The 388 amplitude of the mIPSCs was not altered after conditioning HFS (baseline 85.38±7.08 pA 389 compared to 90.16±8.12 pA at 25-30 min after HFS; p> 0.05; Fig. 7 B,C,D) . Neither the 390 frequency nor the amplitude of mIPSCs was affected in three neurons that did not receive 391 thalamic input from the MGBv (data not shown). A change in the frequency of spontaneous 392 postsynaptic current indicates a presynaptic mechanism, whereas a change in The frequency-specific plasticity of AC neurons induced by MGBv activation has been 400 studied in mice and bats, but the underlying cellular mechanisms are not well understood. 401
Our present study of MGBv activation-mediated long-term plasticity in the rat auditory 402 cortex demonstrates that different forms of long-term plasticity of TC inputs depend on the 403 activation of different sets of ionotropic and metabotropic glutamate receptors, GABAA 404 receptors and eCB receptors and that MGBv activation induces an enhancement of 405
GABAergic synaptic transmission that involves presynaptic mechanisms. 406 407
Long-lasting LTP may represent monosynaptic potentiation following thalamic HFS 408
In the present study, NMDA receptor-dependent rapid and long-lasting LTP were 409 elicited in rat auditory cortical neurons after the HFS of the MGBv (Fig. 3A) . Similarly, 410
NMDA receptor-dependent LTP has been found in the mouse auditory cortex (Liu et al. stimulation-evoked EPSCs had a short onset latency of 3.96±0.31 ms and little onset 418 latency jitter 0.38±0.12 ms in the inputs that expressed rapid and long-lasting LTP. These 419
EPSCs exhibited little change in latency with increased stimulus intensity and fixed 420 latencies with high-frequency repetitive stimulation, which suggests activation of 421 monosynaptic TC connections (Table. 2). We thus assume that the rapid and long-lasting 422 LTP in the present study results from monosynaptic TC inputs that are based on an NMDA 423 receptor-dependent mechanism. 424 425
Short-lasting LTP may represent polysynaptic potentiation following thalamic HFS 426
In the present study, the EPSCs evoked in the inputs that showed short-lasting LTP 427 had long latencies and high variability jitter (Table 2) short-lasting LTP to antagonists of both NMDA and GABAA receptors indicated that 431 pyramidal neurons in the auditory cortex receive both glutamatergic inputs and GABAergic 432 inputs from interneurons (Fig. 3C ). Previous studies have reported that the presence of 433
GABAergic interneurons may contribute to the induction of the short-lasting LTP 434 (Chapman et al. 1998; Grover and Yan 1999) . Our data show that the blockage of GABAA 435 receptors facilitates the induction of NMDA receptor-dependent short-lasting LTP. We 436 therefore speculate that synapses that exhibit short-lasting LTP receive either more 437 synaptic inhibition or less excitatory drive and therefore have a high threshold for 438 producing long-term potentiation. Interestingly, our experiments show that short-lasting 439 LTP depends on both NMDA and GABAA receptors. However, the induction of long-lasting 440 and short-lasting LTP in the hippocampus and visual cortex also depends on different 441 NMDA receptor subtypes (Castro-Alamancos and Connors 1996; Volianskis et al. 2013) . 442
In the future, it will be interesting to investigate whether different subtypes of NMDA 443 receptors are present which might contribute to the induction of short-lasting LTP in our 444 model. 445
446

Rapid LTD may represent eCBR-dependent mGluR-dependent LTD 447
In the present study we found that the rapid LTD following the HFS of the MGBv was 448 dependent on the activation of mGluR5 but not of iontrophic NMDA receptors (Fig. 4) . 449
Several previous studies have also shown the importance of mGluR-dependent LTD in the 450 auditory cortex, visual cortex, striatum, cerebellum and hippocampus (Kudoh et al. 2002; 451 Blundon et al. 2011; Calabresi et al., 1992; Luscher and Huber, 2010) . Studies further 452 demonstrated that mGluR-initiated LTD involves the activity of a retrograde messenger, 453 the eCB, which is synthesized and released from a postsynaptic cell by the activation of 454 mGluRs (Gerdeman and Lovinger 2003) . Upon released, eCBs acts presynaptically to 455 regulate the probability of glutamate release and to alter release mechanisms following 456 mGluR stimulation (Grueter et al. 2007 ). Based on these and our current findings, we 457 speculate that the HFS of the MGBv led to the sequential activation of mGluR5 in 458 pyramidal neurons and the activation triggered the release of neuromodulators such as 459 eCBs (Freund et al., 2003; Huang et al., 2008) . The eCBs in turn activated receptors in 460 those distant stimulated or non-stimulated synapses and the synaptic transmission in 461 those synapses was inhibited leading to rapid LTD (Serrano et al. 2006) . 462 463 Slow LTD may represent thalamocortical polysynaptic depression following 464 thalamic HFS 465 APV, but not MPEP, effectively blocked the induction of slow LTD in the present study 466 ( Fig. 5A-B ), which indicates that NMDA receptors play an important role in the induction of 467 slow LTD. Interestingly, our data further demonstrate that slow LTD was also suppressed 468 significantly by bicuculline, which indicates the involvement of GABAA receptors (Fig. 5C) . 469
Similar involvement of GABA receptor activity has been found in the mouse auditory 470 cortex (Liu et al. 2013) . Previous reports have shown that the inhibition level mediated by 471 GABA receptors determines the direction of synaptic plasticity during HFS-induced LTD in 472 the neocortex by modulating postsynaptic depolarization (Artola et al. 1990 ). Low levels of 473 postsynaptic depolarization lead to LTD, whereas stronger depolarization leads to LTP 474 (Artola et al. 1990; Ngezahayo et al. 2000) . Our overall conclusion is that synapses in interneurons were also driven by axon collaterals of MGBv neurons or by activated AC 477 neurons (Fig. 7) . HFS may provide an optimal depolarization level for LTD induction by 478 concurrently activating GABAergic and glutamatergic transmission. It is therefore not 479 surprising that the HFS of the MGBv can induce a slow type of LTD in AC neurons. Conversely, cells that expressed slow LTD are characterized by their high thresholds, 493 broad spikes, as well as large and narrow EPSCs (Table 1 -2). These differences between 494 the plasticity classes in both intrinsic and synaptic properties suggest that they may 495 represent a separate class of neurons or receive a separate class of synaptic inputs. 496
Based on previous findings that the AC receptive field plasticity is highly 497 frequency-specific (Gilbert 1998; Weinberger 2007; Zhu et al., 2013) together with the 498 present data showing the importance of inhibitory and excitatory synaptic transmission in 499 AC frequency-specific plasticity (Fig. 6) , we developed a possible TC synaptic mechanism 500 model for frequency-specific AC plasticity that is induced by focal thalamic stimulation. 501
Specifically, in figure 8A , the AC neuron A2 receives both excitatory TC inputs from 502 the thalamic neuron M2, which has the same BF as A2, and A2 also receives collateral 503 projection inputs from such other thalamic neurons as M1and M3, which have BFs that 504 differs from that of A2. In addition to the TC inputs, pyramidal neurons in the AC also and inhibitory inputs from GABAergic interneurons, such as I1 and I2. 507
If A2 has the same BF as the stimulated M2, the TC synapse between M2 and A2 will 508
show NMDAR-dependent LTP after activation of M2 by focal HFS (Fig. 8A, Fig. 3A) . 509
Enhancements of the excitatory postsynaptic potential trigger an increase of A2's 510 response to tone. If, on the other hand, the BF of the recorded AC neuron is different from 511 the BF of the stimulated MGBv neuron, the underlying synaptic mechanism is more 512 complex. We stimulated M1 in the MGBv and recorded the activity of neuron A2 in the AC 513 ( Fig. 8A) . After HFS, synapses of collateral projections from M1 to A2 showed 514 NMDA-dependent LTP. The facilitated cortical neuron A1 may also enhance the 515 responses of A2 through intracortical excitatory projections. These two mechanisms 516 cause the recorded AC neuron to show facilitation at or near the BF of the stimulated 517 thalamic neuron. We hypothesize that there are two possible reasons for inhibition at or 518 near the BF of the recorded AC neuron. First, stimulated MGBv neurons and facilitated AC 519 neurons can decrease the responses of AC neurons through inhibitory interneurons. As 520 shown in figure. 8A, the inhibitory interneuron I1 was also driven by axon collaterals from 521 M1 or A1 when focal HFS was applied to the thalamic neuron M1. The action of the 522 interneuron I1 produced membrane hyperpolarization of A2. Synapses from M2 to A2 may 523 be activated by the limited spread of electrical stimulation. HFS may provide an optimal 524 depolarization level for LTD induction by concurrently activating GABAergic and 525 glutamatergic transmission. A second possibility is that heterosynaptic suppression is 526 involved in the inhibition. As shown in figure 8C , HFS leads to glutamate release, which 527 triggers of NMDA-dependent LTP in the activated synapse. Glutamate triggers a 528 simultaneous heterosynaptic depression (Fig. 8C) . 529
Every neuron in the neocortex has thousands of synapses. Activation of only a few 530 hundred of these synapses can evoke cell firing (Crochet et al. 2005) . As shown in figure  531 8B, neuron A2 in layers III/IV of the auditory cortex has thousands of synapses. A tone at a 532 frequency within the RF of A2 might activate only a portion of these synapses. Another 533 tone at a different frequency can active another group of these synapses. These synapses 534 may show different forms of long-term plasticity after focal thalamic HFS. Changes in 535 postsynaptic potential that respond to a certain frequency should be the summation of the 536 LTP and LTD that is mediated by that set of activated synapses activated by the tone at 537 this frequency. The summative change in postsynaptic potential in response to a certain 538 frequency may therefore be LTP, LTD or no change (Fig. 8B, top) . 539
However, one would need to be aware that the excitability of stimulated neurons can 540 additionally be modified by conditional stimulation. Bidirectional changes in the intrinsic 541 excitability of CA1 hippocampal pyramidal neurons are often observed after induction of 542 synaptic LTP or LTD (Li et al. 2004) . It is possible that the intrinsic excitability of the 543 stimulated MGBv neurons is modified by HFS which in turn affects the auditory synaptic 544 plasticity. Future studies will be required to investigate these possibilities. 545
In addition, previous studies have revealed neuronal plasticity in the auditory cortex in 546 both awake and behaving animals of different species (Banerjee and Liu，2013; David et 547 al. 2012; Guo et al. 2013; Jaramillo and Zador, 2011) . A very recent study also confirmed 548 that in mice under anesthesia the LTP and LTD induced by thalamic stimulation can 549 contribute to the remodeling of receptive fields in the auditory cortex (Liu et al, 2013) . Our 550 results further demonstrated that the plasticity evoked by repetitive thalamic stimulation 551 could be generated through a fundamental thalamocortical circuit alone without the inputs 552 from other sources. Other factors like attention or cross-modality effect in awake animals 553 may modulate the characteristics of neuronal plasticity generated by this thalamocortical 554 pathway through different mechanisms. 555 556 Acknowledgments
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We thank Dr. Yutian Wang at the University of British Columbia in Canada for his 558 valuable suggestions concerning the writing of this manuscript. We are also grateful to Dr. inputs from M2 which has the same BF as A2. A2 also receives TC inputs from MGBv 797 neurons that have BFs differing from those of A2, such as M1 and M3. In addition to the 798 TC inputs, A2 receives excitatory intracortical inputs from other AC neurons, such as 799 consecutive A1 and A3. In addition, A2 also receives inputs from such GABAergic 800 inhibitory interneurons as I1 and I2. Spectral information therefore converges on A2 by the 801 means of a combination of thalamocortical and intracortical pathways. (B) Amplification of 802 neuron A2 (in dashed box) to observe the distribution of its synapses. A2 receives 803 impulses from thousands of synapses, and a given frequency activates only a portion of 804 these synapses. Activation of this portion of synapses causes the A2 neuron to fire. 805
Another frequency in the receptive field can activate a different portion of synapses to A2. 806 Different forms of changes in synaptic transmission in A2 can be induced by HFS of the 807
MGBv. Changes in postsynaptic potential to a certain stimulus frequency should be a 808 summation of LTP and LTD that are mediated by that set of synapses activated by the 809 frequency. (C) Simplified schematic diagram for long-lasting changes of synaptic 810 transmission. The left panel illustrates a condition where one of the synapses is activated 811 by HFS. HFS leads to the release of presynaptic vesicles containing glutamate (Glu) that 812 activate NMDA receptors, which results in a potentiation of this activated synapse. 813
Postsynaptic depolarization that is induced by HFS is small in some cases due to the 814 inhibition exerted by interneurons. Glutamate simultaneously triggers heterosynaptic 815 depression. This begins with the activation of an mGlu5 receptor, which then triggers a 816 greater release of a neuromodulator (indicated by green circles). This modulator can 817 diffuse and activate its receptors in distal non-activated synapses, which depresses the 818 target synapse. 819 
